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In the last few decades, dedicated wireless channels were speciﬁcally allocated to enable the development
and implementation of vehicular communication systems. The two main protocol stacks, the WAVE stan-
dards proposed by the IEEE in the United States and the ETSI ITS-G5 in Europe, reserved 10 MHz wide
channels in the 5.9 GHz spectrum band. Despite the exclusive use of these frequencies for vehicular com-
munication purposes, there are still cross channel interference problems that have been widely reported in
the literature. In order to mitigate these issues, this paper presents the design of a two-stage FIR low-pass
ﬁlter, targeting the integration with a digital baseband receiver chain of a custom vehicular communications
platform. The ﬁlter was tested, evaluated and optimized, with the simulation results proving the effec-
tiveness of the proposed method and the low delay introduced in the overall operation of the receiver chain.
& 2016 Chongqing University of Posts and Telecommunications. Production and Hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Vehicular communications play a key role in the development of
Intelligent Transportation Systems (ITS), whose main goal is the
improvement of road safety and trafﬁc efﬁciency. By extending the
driver's ﬁeld of view, vehicular networks can increase the time
available to make decisions or to react in the case of trafﬁc hazards.
This way for instance, collisions in low visibility intersections and
chain reaction crashes can be drastically reduced. In addition to this,
value-added infotainment services can also be provided by vehi-
cular communication systems, such as broadband internet con-
nection or prices and locations of parking slots or gas stations.
There are two main protocol stacks for vehicular communica-
tions systems [1], enabling exchange of data among vehicles (V2V
communications) and between vehicles and the road-side infra-
structure (V2I/I2V). These two families of standards correspond to
the IEEE Wireless Access in Vehicular Environments (WAVE),
adopted in the United States, and the ETSI ITS-G5 in Europe. At the
physical and medium access control layers, both protocol stacks
rely on the IEEE 802.11p standard, an amendment to the IEEETelecommunications. Production
d/4.0/).
cações, Campus Universitário
av.it.pt (M. Alam),
liveira).
versity of Posts802.11 Wi-Fi reference [2]. In comparison with the typical Wi-Fi
operation, there are just a number of modiﬁcations that are in-
troduced to enhance the behavior of the communicating nodes
under such dynamic scenarios. For instance, the channel band-
width is reduced from 20 MHz to 10 MHz, in order to mitigate the
effects of multi-path propagation and Doppler shift. As a con-
sequence, the data rate is half of what can be obtained with
standard Wi-Fi, i.e., from 3 Mbit/s to 27 Mbit/s instead of 6–
54 Mbit/s. Another example is the introduction of non-IP messages
that are broadcast outside the context of a Basic Service Set (BSS),
avoiding the overhead introduced by the registration and au-
thentication procedures, commonly present in wireless local area
networks.
In order to guarantee that vehicular communications do not
suffer from any type of interference from unlicensed devices, the
Federal Communications Commission (FCC) in the United States
and the European Conference of Postal and Telecommunications
Administrations (CEPT) in Europe, allocated a dedicated spectrum
band at 5.9 GHz (Fig. 1). In America, a bandwidth of 75 MHz was
reserved, while in Europe only 50 MHz were assigned. This spec-
trum was divided into smaller 10 MHz wide channels and in the
American case, a 5 MHz guard band at the low end was also in-
cluded. As a result, there are 7 different channels for IEEE WAVE
operation and 5 for the case of ETSI ITS-G5. In Europe, 30 MHz (3
channels) are reserved for road safety in the ITS-G5A band and
20 MHz are assigned for general purpose ITS services in theand Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Fig. 1. Spectrum allocation for vehicular communications (adapted from [1]).
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USA and CCH 180 in Europe) is exclusively used for cooperative
road safety and control information. The remaining channels are
designated as Service Channels (SCH). In the United States, con-
cerns about the reduced capacity for road safety messages led to
the decision to allocate SCH 172 speciﬁcally for applications re-
garding public safety of life and property [3]. Moreover, it is
mandatory in Europe to have two radios in each vehicular com-
munication platform, in order to guarantee at least one radio al-
ways tuned in the dedicated safety channel [4].
Notwithstanding the decision to allocate speciﬁc wireless
channels for vehicular communication purposes, there are still
issues with the operation of these systems, caused by the cross
channel interference in the IEEE-WAVE/ETSI-ITS-G5 band and with
the European tolling systems operating in the 5.8 GHz frequency
band. The interference risks in the latter case were early identiﬁed
by CEPT in 2007 [5] and several studies [6–8], simulation and
experimental tests [9] were then conducted in order to evaluate
the impact of ITS-G5 communications in a coexistence scenario
with Electronic Toll Collection (ETC) systems. In these tests [9]
organized by ETSI, the results have shown that under certain
conditions, the ITS-G5 signals can harmfully interfere with ETC
systems, causing a loss or non-completion of ETC transactions and/
or a disruption of the stand-by mode of ETC On-Board Units
(OBUs), i.e. the devices placed inside the vehicles.
Based on these ﬁndings, it was clear that the simultaneous
operation of both systems at toll plazas could be seriously dis-
turbed. This could lead to safety and congestion problems in these
areas and cause substantial loss of revenues for road operators. It
was also concluded that this interference is inevitable, unless ITS-
G5 will adapt the transmitted power within a certain range around
the tolling station or reduce the duty cycle of the message trans-
mission. As a result, ETSI has introduced mandatory requirements
for ITS-G5 stations to switch to a “protected mode” [7]. This shall
be done when receiving information from any other ITS station
containing the location of a tolling station. The ITS station that
sends out the information about the tolling station location may
either be a ﬁxed located transmitter – Road-Side Unit (RSU) – in
the vicinity of the tolling station, or it may also be an OBU in any
vehicle that, in addition, is equipped with a 5.8 GHz toll detector.
Furthermore, there is also a perspective to use IEEE 802.11p for
ETC communications, but studies [10] have shown it is possible
that 802.11a based on-board devices operating in the 5 GHz band
could degrade the performance of ETC systems based on vehicular
communications. Simulation and real-world experiments [10]
demonstrated an increase in the Packet Error Rate (PER) of the ETC
802.11p based system, when both technologies were working si-
multaneously. It was also shown that this effect cannot be re-
moved by simply increasing the power transmitted by the 802.11p
ETC units. In general, one can conclude that wireless commu-
nication systems operating near the 5.9 GHz frequency band pose
serious problems to the performance of vehicular networks.Nevertheless, the major source of interference in vehicular
communications systems is the cross channel interference, gen-
erated by nodes communicating in the adjacent channels [11]. This
Adjacent Channel Interference (ACI) can severely compromise the
integrity of the messages received by a radio unit, whenever si-
multaneous communications occur in the nearby channels.
Therefore, in order to reduce the effect of ACI in vehicular com-
munication radio links, this paper presents the design of a two-
stage Finite Impulse Response (FIR) ﬁlter, which guarantees an
efﬁcient suppression of the unwanted components of the received
signal. At the same time, it is also ensured that few digital hard-
ware resources are utilized and only a small delay is introduced in
the receiver chain of the ITS-G5 station. The rest of the paper is
organized as follows. Section 2 presents some related work and
background on the topic of ACI in vehicular networks. Section 3
shows the effects of cross channel interference in the received
signal of a custom vehicular communication platform, while Sec-
tion 4 describes the design of the proposed digital ﬁlter and pre-
sents the obtained simulation results. Finally, Section 5 sum-
marizes the concluding remarks and discusses some future work.2. Related work and background
The IEEE WAVE and ETSI ITS-G5 protocol stacks establish a
multi-channel architecture for vehicular communications, where
different vehicles in the same geographical area can simulta-
neously transmit over the multiple channels presented in Fig. 1.
This design decision produces obvious throughput improvements,
however, since the parallel usage of adjacent channels can occur
when vehicles are in the radio range of each other, interference
between different nodes' transmissions may arise. This adjacent
channel interference (ACI) can cause two main negative effects in
the network communications [11]: an increased PER and a reduced
transmission opportunity. In the former case, the Signal-to-Inter-
ference-plus-Noise-Ratio (SINR) of a packet being received by a
node can be increased by another unit communicating in an ad-
jacent channel, which may lead to the impossibility of correctly
processing and decoding the frame. This will cause the loss of the
packet and, if the situation is not momentary, it can result in large
values of PER. The second mentioned effect occurs when a node
wants to transmit a frame, but it perceives the channel as occupied
due to a packet transmission in an adjacent channel. This channel
busy indication is given by the Clear Channel Assessment (CCA)
mechanism, being triggered by the power level sensed in the
wireless medium, raised by the interferer in the nearby channel. In
this situation, the potential transmitter will follow the back-off
procedure speciﬁed by the CSMA method of IEEE 802.11 standard
and thus the access to the wireless medium and the transmission
of the intended message will be deferred. Moreover, it can happen
that the packet decoding process in the potential receivers is not
affected by the interferer, but the transmitter is still wrongly
prevented to send its message. The ACI problem could be ampli-
ﬁed in dual-radio units, as the ones in Europe, with antennas si-
multaneously operating on nearby channels and located in the
same place, either in the same vehicle or road-side site.
In order to limit cross channel interference, the standard [2]
speciﬁes a spectrum emission mask that deﬁnes the out-of-band
energy allowed for a transmitting device. This spectral mask is
deﬁned up to 15 MHz far from the center frequency and it be-
comes more stringent and difﬁcult to comply with higher trans-
mission power classes (A–D) [12]. On the receiver side, the stan-
dardization rules also establish a minimum Adjacent Channel Re-
jection (ACR) ratio for each modulation, measured by the power
difference between the interfering signal and the signal in the
desired channel. These masks are sufﬁcient to avoid the most
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Fig. 2. IT2S platform architecture.
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blocking transmission effect. Nevertheless the impact on the PER
can still be very severe under certain circumstances. Some pre-
liminary ﬁeld test results proved the large number of packet errors
when an interferer working in an adjacent channel is close to the
receiver node [13]. The distance for which the ACI effect starts to
be critical (a PER higher than 10%) was measured and occurs
whenever the interferer is closer than the intended transmitter to
the receiver by an order of magnitude or more. Similar results
were obtained in experimental simulations [14,15] and other ﬁeld
trial tests [16,17], conﬁrming that the effect of cross channel in-
terference cannot be neglected, specially under heavy trafﬁc load
conditions.
This issue is partially addressed in [18] by a token ring MAC
protocol named MCTRP, aiming to improve throughput over all
WAVE channels. The adaptive algorithm establishes virtual rings
where groups of vehicles are organized, each one communicating
in a speciﬁc service channel. By switching to a different SCH when
the interference level increases, the protocol is able to reduce the
ACI of a virtual ring. In [14], a preliminary solution to mitigate
cross channel interference is proposed (Cross Channel CSMA/CA or
3CSMA/CA protocol), by reducing transmission power on the ad-
jacent channel and by delaying potential transmissions until the
reception on the adjacent channel is completed. The last measure
is only taken depending if a potential receiver node is within a
deﬁned distance range or not. In order to protect safety messages
exchanged on the control channel, Campolo and Molinaro [19]
suggest the use of adjacent channels solely for vehicles tempora-
rily stopped at sufﬁcient distance from the road, such as in a gas
station for refuelling. This way, it is possible to prevent a perfor-
mance degradation in the CCH and at the same time, not com-
pletely waste the spectrum resources in the adjacent channels. To
further reduce the effects of cross channel interference, disjoint
contention window durations and Arbitrary Inter-Frame Spacing
(AIFS) values [20] may be used by nearby channels to avoid col-
lisions, as suggested in [11]. All in all, further efforts are required in
the design of more efﬁcient techniques to face ACI, since this is
serious problem for the simultaneous multi-channel operation in
scenarios where nodes are in close proximity.
ACI is also a concern for future 5G mobile networks, since dy-
namic spectrum access will likely be employed to exploit spectrum
holes in existing cellular networks. Therefore, new waveformswith high spectral efﬁciency and low Adjacent Channel Leakage
Radio (ACLR) will be required in order to cause minimum impact
in legacy systems, such as current 4G networks. Several experi-
mental studies [21,22] are being conducted with the main goal of
analyzing the possible coexistence of 5G and current LTE systems.
Candidate waveforms such as Generalized Frequency Division
Multiplexing (GFDM) that present lower ACLR and Peak-to-Aver-
age Power Ratio (PAPR) than traditional OFDM systems, are being
tested and evaluated under these scenarios.3. Effects of ACI in the received signal
This work addresses the problem of cross channel interference
on the receiver nodes of a vehicular network, through the design
of a digital two-stage FIR ﬁlter. The role of this ﬁlter is to attenuate
the interfering signal on the adjacent channels as much as possi-
ble, while preserving the signal received in the desired frequency.
As a ﬁrst step in this design process, an experimental setup was
devised to capture the raw samples at the receiver platform, when
both the interferer node and the intended transmitter were
sending messages. This way, an analysis can be performed on the
characteristics of the received signal when ACI is present and thus,
the ﬁlter design process can be optimized to strongly reject the
spectral components of the unwanted signal.
3.1. Experimental setup
The setup used to fully characterize the ACI effect in the re-
ceived digital baseband signal, took advantage of a research plat-
form compliant with the IEEE 802.11p protocol [23]. The archi-
tecture of this ﬂexible vehicular communication station, named
IT2S platform, is presented in Fig. 2. There are two main compo-
nents: a Single Board Computer where the higher layers of the
protocol stack are implemented; and the IT2S Board, responsible
for the MAC and physical layer's functionalities of IEEE 802.11p
standard. In this experiment, the focus was on the analog to digital
interface of the IT2S board, where the raw digital in-phase/quad-
rature (I/Q) samples were captured for analysis. The RF module
down-converts the wireless signal to baseband, where it occupies
half of the RF bandwidth, i.e. 5 MHz instead of 10 MHz, and then
the AD/DA Converter, working at a sampling frequency of 40 MHz,
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AD/DA
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Fig. 3. Experimental setup used to analyze the effects of ACI in the received signal.
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Fig. 4. Estimated power spectral density of the signal sent by the transmitter
(tuned on CCH #178 and with a transmit power level of E7.5 dBm) at a sampling
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Fig. 5. Estimated power spectral density of the signals sent by the transmitter (CCH
#178, E7.5 dBm) and the interferer (SCH #180, E7.5 dBm) at a sampling fre-
quency of 40 MHz.
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The experiment was conducted in the scenario depicted in
Fig. 3. Two IT2S platforms were employed, and since these are
dual-radio devices as required by the ETSI ITS-G5 standards [4], a
total of four radio units were available. Hence, one of the platforms
was used as a transmitter and as an interferer simultaneously,
with one radio tuned in the American control channel (CCH #178)
and the other interfering in a adjacent service channel (SCH #180).
The remaining IT2S platform was working as a receiver node with
the radio where the digital I/Q samples were captured, operating
in the CCH #178. All measurements were taken in a well-con-
trolled environment, with all platforms directly connected through
coaxial cables. A power combiner was used to couple the trans-
mitted signal with the interfering one into the receiving radio. This
way, the attenuation between the transmitter and the receiver was
always constant and equal to the attenuation between the inter-
ferer and the receiver. The packet transmission in both radios was
internally synchronized by the FPGA, forcing interference to ac-
tually happen. In the receiver node, the digital baseband samples
coming from the AD/DA Converter were ﬁrst stored and then re-
trieved from the FPGA directly to a computer, in order to be pro-
cessed by a MATLABs script. The Automatic Gain Control (AGC)
mechanismwas disabled in the receiving platform and a ﬁxed gain
value was used instead, in order to ensure that measurements
were always taken under the same conditions.
3.2. Baseband ACI effect
Firstly, only the radio tuned in the control channel #178 was
transmitting, which allows the analysis of the received signal
without interference. This way and after processing the digital raw
I/Q samples recorded at the FPGA input, one can obtain a Power
Spectral Density (PSD) estimate of the signal captured at the re-
ceiver node. Fig. 4 shows the baseband frequency domain re-
presentation of the signal transmitted on channel #178 with ap-
proximately 7.5 dBm of power. The graphics depicts the PSD esti-
mate from 0 to 40 MHz – the ADC's sampling frequency. As it can
be observed, the bandwidth of the signal is in fact 5 MHz, half of
the 10 MHz occupied in the 5.9 GHz frequency band.
By keeping the same radio sending messages and adding the
other one transmitting on SCH #180, one can observe the effect of
ACI in the receiver node. This result is presented in Fig. 5, where it
is visible the presence of the interfering baseband signal in a
channel adjacent to the transmitter. The transmitting power was
the same in both channels and it was equal to the one used in the
experiment of Fig. 4, i.e. E7.5 dBm. It is clearly evident the dif-
ference in the spectral components from the case where there was
no interferer. In baseband and from the perspective of the receiver
tuned in channel #178, the interferer occupies a bandwidth of
approximately 10 MHz, from 5 to 15 MHz. For these transmitting
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Fig. 6. Estimated power spectral density of the signals sent by the transmitter (CCH
#178, E3 dBm) and the interferer (SCH #180, E27 dBm) at a sampling fre-
quency of 40 MHz.
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domain is approximately 15 dB below the signal received on the
desired channel.
For the worst case scenario, i.e. when the transmitter is sending
messages with the lowest power level available and the interferer
is transmitting at full power, the PSD shown in Fig. 6 is obtained. In
this situation, the peak of the interfering signal has almost the
same value of the signal in the band of interest, being only 2 or
3 dB below. In conclusion, if no ﬁltering operation is applied to the
digital I/Q samples, the decoding process of the messages received
in the scenarios presented in Figs. 5 and 6, will be seriously
compromised. This problem derives from the fact that the un-
wanted signals in the nearby channels are not completely elimi-
nated by the RF modules in the analog domain. In the IT2S plat-
form, the RF module applies a low-pass ﬁlter with a cut-off fre-
quency of 7.5 MHz, after down-converting the signal. Notice that
in baseband the desired channel has a bandwidth of approxi-
mately 5 MHz and the immediate adjacent channel goes from
E5 MHz to E15 MHz, thus the referred value of cut-off frequency
is clearly insufﬁcient. Under these circumstances, a more stringent
ﬁltering operation should be performed in the digital domain,
using a lower cut-off frequency and a shorter transition band.4. Digital interpolated FIR ﬁlter
Based on the previous results, it can be concluded that an in-
terfering signal in an adjacent channel could severely affect the
proper reception of messages sent by a transmitter node tuned in
the channel of interest. The level of the signal generated by the
interferer that appears at the FPGA input could be approximately
equal to (Fig. 6) or even greater than the desired signal (a situation
that would occur if an attenuator was added between the trans-
mitter and the power combiner in the setup above, making the
path loss of the interferer lower than the one of the transmitter).
This interference has to be ﬁltered in order to increase the prob-
ability of correctly decoding the received messages and to avoid
the false blocking transmission effect described in Section 2. In this
paper, the design and evaluation of a two-stage FIR low-pass ﬁlter
are presented, with the main goal of reducing the interference due
to the adjacent channels. The ﬁrst stage is constituted by aninterpolated FIR ﬁlter, which is more efﬁcient than a simple FIR
ﬁlter, since it can achieve steeper slopes with the same ﬁlter order.
However, it needs another low-pass ﬁlter to eliminate the un-
desired passbands resulting from interpolation. The design of this
second low-pass ﬁlter is not so stringent, i.e. requires a lower ﬁlter
order, and it could be implemented with a polyphase decomposed
architecture, consuming few FPGA resources and taking advantage
of the decimation factor of 4 that could be applied to the I/Q
samples. This decimation can take place since there was an over-
sampling factor of 4 in the AD/DA Converter. In other words, the
signal with a bandwidth of 5 MHz was sampled at 40 MHz, four
times more than the required by the Nyquist theorem.
The block diagram, both in time and frequency domains, of the
two-stage low-pass ﬁlter is presented in Fig. 7. The signal x(n) or X(z)
represents the digital raw I/Q samples at the FPGA input. Then, h(n)
or H(z) corresponds to the ﬁrst stage of the ﬁltering process – the
Interpolated FIR (IFIR) ﬁlter, responsible for implementing the narrow
transition band immediately after the spectrum components of the
signal in the desired channel. The second stage is constituted by the
polyphase decomposed ﬁlter i(n) or I(z), taking advantage of the
decimation factor of 4, whose goal is to eliminate the frequency re-
plicas not attenuated by the interpolated FIR ﬁlter. Finally, y(n) or Y(z)
represents the ﬁltered signal that will feed the digital receiver chain
at a sampling rate of 10 Msps. The detailed block diagram of this two-
stage low-pass ﬁlter is depicted in Fig. 8. This scheme could be easily
implemented in digital hardware (FPGA) using simple processing
blocks, like adders, multipliers and registers for the time delays.
The coefﬁcients for the design of both ﬁlters were obtained in
MATLABswith the aid of Filter Design and Analysis Tool (FDAtool).
For the IFIR ﬁlter, these coefﬁcients were ﬁrst computed for an
equiripple FIR ﬁlter without interpolation. However, since an in-
terpolation factor of 3 was then applied, the speciﬁed transition
band was three times larger than the desired ﬁlter. After that, the
design of the ﬁnal IFIR ﬁlter can be concluded, by adding two null
coefﬁcients between two consecutive coefﬁcients previously ob-
tained in FDAtool. These zero value coefﬁcients are naturally
omitted in the top part of Fig. 8 but are implicit in the delays of
3 units (z3). The complete speciﬁcations used in the fdatool for
this ﬁlter with minimum order are presented in Table 1. A pass-
band frequency of 4.14 MHz was speciﬁed instead of 5 MHz, since
the standard imposes a small band guard value of E800 kHz in
each side of vehicular channels, so the actual RF bandwidth is not
exactly 10 MHz but approximately − ( * )10 2 0.8 MHz. For the given
input parameters, a minimum ﬁlter order of N¼29 was obtained.
The frequency response of the IFIR ﬁlter is presented in Fig. 9. The
additional passbands resulting from the interpolation process are
easily noticed, occupying a baseband spectrum between E0.45
and 0.9π rad/sample in normalized units, which corresponds to
the frequency range between E9 and 18 MHz.
Following the design phase, the IFIR ﬁlter was applied to the
original signal from Fig. 6, using MATLABs code that simulates an
efﬁcient implementation in hardware, where the multipliers cor-
responding to the null coefﬁcients were eliminated, just like in
Fig. 8. The PSD of the signal obtained at the output of the IFIR ﬁlter
is shown in Fig. 10. One can observe the strong attenuation of
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Fig. 8. Detailed block diagram of both the interpolated low-pass FIR ﬁlter (top) and the polyphase decomposed low-pass FIR ﬁlter (bottom).
Tab. 1
Interpolated FIR ﬁlter parameters in FDA tool.
Response type Lowpass
Filter order (minimum order) 29
Design method FIR equiripple
Sampling frequency (Fs) 40 MHz
Absolute passband 3*4.14 MHz
Frequency (Fpass) ¼12.42 MHz
Normalized passband 3*0.207π rad
Frequency (wpass) ¼0.621π rad
Absolute stopband 3*4.88 MHz
Frequency (Fstop) ¼14.64 MHz
Normalized stopband 3*0.244π rad
Frequency (wstop) ¼0.732π rad
Passband attenuation (Apass) 0.5 dB
Stopband attenuation (Astop) 40 dB
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Fig. 9. Frequency response of the H(z) low-pass IFIR ﬁlter.
J. Almeida et al. / Digital Communications and Networks 2 (2016) 57–6462nearly 40 dB in the peak of the original interfering signal (the gray
one). However, there are replicated passbands that have to be
eliminated by the second low-pass ﬁlter I(z). This ﬁlter was also
created in fdatool with the parameters displayed in Table 2. In this
case, a ﬁlter order of N¼7 was speciﬁed and a stopband frequency
of 8.42 MHz was required in order to remove the replicas starting
at E9 MHz. The frequency response of this second ﬁlter is pre-
sented in Fig. 11. As it can be seen, the transition band is more
relaxed and the attenuation in the stopband is lower than the case
of the IFIR ﬁlter, because a lower ﬁlter order was utilized and the
frequency requirements were not so stringent. Nevertheless, these
ﬁlter characteristics are sufﬁcient to mitigate the impact of thereplicated passbands in the ﬁltered signal, represented by the
black PSD in Fig. 12. The result presented in this ﬁgure is obtained
before the decimation block in Fig. 6, which means that in this case
the polyphase decomposition property was not applied yet. The
PSD of the output signal shows that the peak value of the inter-
ferer (E5 dB/rad/sample at E0.5π rad) was attenuated by
40 dB when compared to the original signal (E35 dB/rad/sample
at E0.3π rad). This constitutes a strong reduction in the amount
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Fig. 10. Estimated power spectral density comparison between the original signal
from Fig. 6 (in gray) and the signal obtained after the H(z) ﬁlter (in black) at a
sampling frequency of 40 MHz.
Tab. 2
Polyphase decomposed FIR ﬁlter parameters in fdatool.
Response type Lowpass
Filter order (specify order) 7
Design method FIR equiripple
Sampling frequency (Fs) 40 MHz
Absolute passband frequency (Fpass) 4.14 MHz
Normalized passband frequency (wpass) 0.207π rad
Absolute stopband frequency (Fstop) 8.42 MHz
Normalized stopband frequency (wstop) 0.421π rad
Passband weight value (Wpass) 10
Stopband weight value (Wstop) 1
×π
×π
Normalized Frequency ( rad/sample)
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Fig. 11. Frequency response of the I(z) low-pass FIR ﬁlter.
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Fig. 12. Estimated power spectral density comparison between the original signal
from Fig. 6 (in gray) and the signal obtained after the I(z) ﬁlter (in black) at a
sampling frequency of 40 MHz.
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Fig. 13. Polyphase decomposed ﬁlter with a decimation factor of 4.
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solely decimated (in gray) and the ﬁnal signal obtained after the designed two-
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J. Almeida et al. / Digital Communications and Networks 2 (2016) 57–64 63of interference present in the received signal and increases the
probability of successfully decoding the packets by the receiver
node.
By taking advantage of the decimation factor of 4 (Fig. 7), the
implementation of the I(z) ﬁlter can be made more efﬁcient, being
the ﬁltering operation performed at a lower data rate (10 Msps
instead of 40 Msps). In this way, a polyphase decomposition with
4 phases can be employed, as depicted in Fig. 13. Thus, the poly-
phase decomposed I(z) ﬁlter takes the shape of the block diagrampresented in the bottom part of Fig. 8.
Finally, a comparison can be performed between the original
situation, where the captured data was solely decimated before
being processed by the digital receiver chain, and the case where
the two-stage low-pass ﬁlter proposed in this paper was em-
ployed. The spectrum analysis of both resulting signals is shown in
Fig. 14. The PSDs presented here correspond to the samples that
would be supplied as an input to the receiver chain operating at a
sampling rate of 10 Msps, thus already include the effect of the
decimation by a factor of 4. As it can be observed, the transition
J. Almeida et al. / Digital Communications and Networks 2 (2016) 57–6464band of the ﬁltered signal is much sharper and an attenuation of
almost 30 dB has been achieved at half of the sampling frequency.
In terms of the delay introduced in the receiver chain, its value
is given by adding the delay imposed by both ﬁlters. Regarding the
IFIR ﬁlter, the order of the ﬁlter built in the fdatool has to be
multiplied by 3, to take into account the effect of interpolation and
the zero-value coefﬁcients added at the end. Consequently, the
IFIR ﬁlter order is equal to N¼29*3¼87 and therefore, the group
delay is equivalent to ((87þ1)/2)¼44 clock cycles at 40 MHz,
which corresponds to an absolute delay of 1.1 μs. In what concerns
to the polyphase decomposed FIR ﬁlter, giving that its order is
N¼7, a group delay of (7þ1)/2¼4 clock cycles at 40 MHz is in-
troduced, corresponding to an absolute delay of 0.1 μs. As a result,
a total delay of 1.2 μs is added to the receiver chain by the cascade
of the two low-pass ﬁlters. This value is perfectly acceptable for
the system's operation, given the 12.8 μs available to perform
frame detection and automatic gain control [2].5. Conclusions and future work
In this paper, a two-stage low-pass FIR ﬁlter has been proposed
with the main goal of mitigating the effects of adjacent channel
interference in vehicular communication systems. First, an inter-
polated FIR ﬁlter with a narrow transition band was designed to
strongly attenuate the spectral components of the interfering
signal close to the desired channel. And then, a polyphase de-
composed FIR ﬁlter was employed to eliminate the passband re-
plicas of the IFIR ﬁlter. The design followed a multi-rate approach,
taking advantage of the decimation block in the interface between
the analog and the digital domains of the receiver chain.
The behavior of this two-stage ﬁlter was simulated and tested
in MATLABs and the results have shown that the proposed solu-
tion signiﬁcantly reduces the impact of the adjacent channel
transmissions in the signal of interest. Furthermore, the cascade of
the two ﬁlters can be efﬁciently implemented in an FPGA, con-
suming simple digital hardware blocks. In addition, only a small
delay is introduced in the decoding process of the receiving
platform.
As future work, the designed ﬁlter will be implemented in an
FPGA and integrated in the operation of the IT2S platform. This
way, it will be possible to evaluate the performance of the pro-
posed solution in a real-world scenario. Metrics such as packet
error rates, could be analyzed under the presence of an interfering
node, and the statistics could be compared with the present si-
tuation, where no ﬁltering operation is involved.Acknowledgments
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